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Two controversies have emerged regarding the signaling pathways that regulate Golgi disassembly at the G2/M cell cycle
transition. The first controversy concerns the role of mitogen-activated protein kinase activator mitogen-activated protein
kinase kinase (MEK)1, and the second controversy concerns the participation of Golgi structure in a novel cell cycle
“checkpoint.” A potential simultaneous resolution is suggested by the hypothesis that MEK1 triggers Golgi unlinking in
late G2 to control G2/M kinetics. Here, we show that inhibition of MEK1 by RNA interference or by using the
MEK1/2-specific inhibitor U0126 delayed the passage of synchronized HeLa cells into M phase. The MEK1 requirement
for normal mitotic entry was abrogated if Golgi proteins were dispersed before M phase by treatment of cells with
brefeldin A or if GRASP65, which links Golgi stacks into a ribbon network, was depleted. Imaging revealed that
unlinking of the Golgi apparatus begins before M phase, is independent of cyclin-dependent kinase 1 activation, and
requires MEK signaling. Furthermore, expression of the GRASP family member GRASP55 after alanine substitution of
its MEK1-dependent mitotic phosphorylation sites inhibited both late G2 Golgi unlinking and the G2/M transition. Thus,
MEK1 plays an in vivo role in Golgi reorganization, which regulates cell cycle progression.

INTRODUCTION

Mitogen-activated protein kinase kinase (MEK)1 belongs to
the p42/p44 mitogen-activated protein (MAP) kinase path-
way, whose canonical role is to transduce cellular responses
to mitogenic signals (Roovers and Assoian, 2000). GTP-
bound Ras activates Raf1 kinase and assembles Raf, the dual
specificity kinases MEK1/2 and the p42/p44 MAP kinases
extracellular signal-regulated kinase (ERK)1/2 into a mem-
brane-bound phosphorylation cascade in which Raf1 phos-
phorylates MEK1/2, which in turn activate ERK, which is
then released from the complex and translocates to the nu-
cleus and other cellular sites (Besson et al., 2001; Lou et al.,
2004; Torii et al., 2004b). Active nuclear ERK promotes the
transcription of D-type cyclins and the cyclin-dependent
kinase inhibitor p21Cip1, constituting a necessary step in G1
exit and S-phase entry.

MEK1 also functions during mitosis. In mitotic Xenopus
egg extracts, MEK is active and required for normal mitotic
progression (Abrieu et al., 1997; Walter et al., 1997; Bitangcol
et al., 1998; Murakami and Vande Woude, 1998). MEK inhi-
bition causes defects in both spindle formation (Horne and
Guadagno, 2003) and spindle checkpoint control (Minshull
et al., 1994; Takenaka et al., 1997; Chung and Chen, 2003).
MEK1 is also active during mammalian somatic cell mitosis
(Shapiro et al., 1998; Colanzi et al., 2000; Hayne et al., 2000;

Roberts et al., 2002). Activation is independent of extracellu-
lar growth factor input (Dangi and Shapiro, 2005), and in-
hibition causes spindle defects (Horne and Guadagno, 2003).
Additionally, interfering with MEK1 signaling via expres-
sion of dominant-negative mutants, use of chemical inhibi-
tors, or RNA interference (RNAi) significantly delays mitotic
entry (Wright et al., 1999; Roberts et al., 2002; Liu et al., 2004),
suggesting the existence of a novel mitotic target of MEK-
mediated signaling that promotes mitotic entry.

Surprisingly, one apparent mitotic target of MEK1 is the
mammalian Golgi apparatus (Acharya et al., 1998). The
Golgi consists of a contiguous network of laterally linked
ministacks positioned at the microtubule-organizing center.
During mitosis the Golgi reversibly disassembles. First, lat-
eral connections between ministacks become disrupted, and
then the unlinked ministacks undergo extensive vesiculation
(Lucocq et al., 1987; Misteli and Warren, 1995; Jesch and
Linstedt, 1998). Reassembly is initiated in daughter cells at
about the time of cytokinesis. Mitotic Golgi disassembly can
be induced in permeabilized cells by using mitotic cytosol,
and, under these conditions, MEK1 and Raf1 are required
components (Acharya et al., 1998; Kano et al., 2000; Colanzi et
al., 2003b). Active MEK/ERK complexes are in fact present
on the Golgi due to their association with Golgi-localized Sef
(Torii et al., 2004a). Furthermore, at least one Golgi-localized
MEK pathway substrate has been identified, the putative
Golgi structural protein GRASP55, and its phosphorylation
occurs specifically at mitosis (Jesch et al., 2001a). Impor-
tantly, however, confirmation of the in vivo role of MEK1 in
mitotic Golgi disassembly is lacking and its role has been
challenged by several observations. In intact cells, mitotic
Golgi disassembly seems normal after inhibiting the ability
of MEK to activate ERK (Lowe et al., 1998) even when Golgi
disassembly is prematurely induced by constitutive cyclin-
dependent kinase (CDK) I activation (Draviam et al., 2001).
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ERK activation by MEK is also dispensable in a cell free
assay in which mitotic cytosol is used to cause disassembly
of purified Golgi stacks (Lowe et al., 1998). Although it may
be that these tests failed to inhibit a novel MEK1 activity
(Colanzi et al., 2000), another explanation is that MEK1 fa-
cilitates, but is not required for, Golgi disassembly (Jesch et
al., 2001a; Puthenveedu and Linstedt, 2001b). Results in the
permeabilized cell assays are most consistent with MEK1
triggering Golgi unlinking and CDK1 triggering Golgi ve-
siculation (Kano et al., 2000). In vivo, vesiculation alone may
be sufficient to yield Golgi breakdown that seems normal.

Intriguingly, if MEK1-mediated Golgi unlinking, which
has not yet been substantiated in vivo, were to occur before
G2/M, it might explain the aforementioned G2/M delay
induced by MEK inhibition. That is, MEK inhibition might
block a rearrangement in the Golgi apparatus that somehow
controls G2/M kinetics. Indeed, a remarkable finding by
Malhotra and colleagues (Sutterlin et al., 2002), now sup-
ported by others (Hidalgo Carcedo et al., 2004; Preisinger et
al., 2005; Yoshimura et al., 2005), indicates that Golgi disas-
sembly is required for G2/M progression. Antibody or dom-
inant-negative interference of GRASP65 blocks mitotic Golgi
disassembly in permeabilized cells and when these agents
are introduced into intact cells, the cells fail to exit G2
(Sutterlin et al., 2002). The mechanism, however, is unclear.
Our recent work indicates that GRASP65 is required for
lateral linking of Golgi ministacks (Puthenveedu et al., 2006);
thus, the previous antibody and dominant-negative treat-
ments may have blocked Golgi unlinking triggered by a
signal in late G2. GRASP65 is mitotically phosphorylated by
CDK1 and not MEK1/ERK (Wang et al., 2003; Yoshimura et
al., 2005), which is puzzling given the association of MEK
signaling with Golgi unlinking. Alternatively, the identifica-
tion of GRASP65 as Golgi linking factor suggests that the
related GRASP55, which as mentioned above is a MEK/ERK
target, may have a similar role. Thus, in late G2, MEK pathway
phosphorylation might regulate GRASP55 such that, al-
though not required for Golgi disassembly, the Golgi be-
comes unlinked and this is a prerequisite for timely G2/M.
Consistent with this, a recent study shows that an isoform of
ERK, ERK1c, controls both mitotic Golgi fragmentation and
mitotic progression (Shaul and Seger, 2006). However, this
study did not demonstrate that ERK1c induces Golgi disas-
sembly before prophase nor that such Golgi disassembly is a
prerequisite for mitotic entry. Furthermore, it did not iden-
tify a target of ERK1c involved in Golgi structure and Golgi
structural changes necessary for mitotic progression.

Therefore, we first inhibited MEK1 and assayed G2/M
progression in the presence or absence of an assembled,
linked Golgi apparatus. Next, we assessed the influence of
MEK signaling on Golgi structure in both G2 and M phase.
We also expressed a nonphosphorylatable GRASP55 to test
the role of GRASP55 phosphorylation in Golgi structure and
G2/M progression. The combined results confirm an in vivo
role for MEK1 in the control of mitotic Golgi reorganization
and identify MEK1 signaling as a key component of the
putative Golgi “checkpoint.”

MATERIALS AND METHODS

Reagents and Cell Culture
Primary antibodies used were as follows: anti-ERK2 C16 (Santa Cruz Bio-
technology, Santa Cruz, CA), anti-GPP130 (Bachert et al., 2001), anti-p115
(Puthenveedu and Linstedt, 2001a), anti-GRASP65 (Wang et al., 2003), diphos-
pho-specific anti-ERK1/2 (Santa Cruz Biotechnology), anti-hemagglutinin
(HA) (Bachert et al., 2001), anti-Myc 9e10 (Jesch et al., 2001a), and anti-giantin
(Linstedt and Hauri, 1993). Secondary antibodies were affinity purified and
fluorescein isothiocyanate or rhodamine isothiocyanate conjugated (Invitro-

gen, Carlsbad, CA). Hoechst 33258 and brefeldin A were obtained from
Sigma-Aldrich (St. Louis, MO). U0126 was obtained from Promega (Madison,
WI), and olomoucine II was from EMD Biosciences (Darmstadt, Germany).
Monolayer HeLa cells were cultured in Eagle’s minimum essential medium
supplemented with 10% fetal bovine serum, 100 U/ml penicillin G, and 100
�g/ml streptomycin. Cells were grown at 37°C and 5% CO2 in a humidified
chamber.

Transfections
HA-MEK1 (Mansour et al., 1994) was cloned into pRevTRE (Clontech, Moun-
tain View, CA). Following the manufacturer’s guidelines, viral supernatants
were collected from transiently transfected RetroPack cells (Clontech) and
used to create stable cells expressing HA-MEK1. To induce expression of
HA-MEK1, 1 �g/ml doxycycline was added 48 h before analysis. For RNAi,
transfection was performed on 35-mm plates according to manufacturer’s
recommendations (Invitrogen) by using 8 �l of Oligofectamine and small
interfering RNA (siRNA) at final concentrations of 30 nM (GM130), 40 nM
(MEK1 and MEK2), or 80 nM (GRASP65). After 24 h, the cells were either
refreshed with 500 �l of medium and 10% serum, or else medium was rinsed
in phosphate-buffered saline (PBS) and changed for the purposes of thymi-
dine washout. Assays were performed at 72 or 96 h posttransfection, as
indicated. siRNA oligonucleotides were obtained as purified duplexes from
QIAGEN (Valencia, CA). Human MEK1 and MEK2 were targeted with 5�-
AAGATTCTACTCTTGTCATTT-3� and 5�-AAACCACACCTTCATCAAGCG-
3�, respectively. GRASP65 was targeted with 5�-AAGGCACTACTGAAAGC-
CAAT-3�. Myc-epitope–tagged GRASP55 and GRASP55T222A,T225A (Jesch et al.,
2001a) were transfected into HeLa cells by using Transfectol (GeneChoice, Fred-
erick, MD) according to the manufacturer’s recommendations.

ERK Phosphorylation Assay
Cells were grown to 90% confluence on 35-mm dishes. U0126 (10 �M) or 0.1%
DMSO was added for 30 min, and then growth medium was replaced with
either hyposaline buffer (20 mM HEPES, 60 mM NaCl, and 2.5 mM Mg
acetate) for 5 min or else a brief rinse in PBS. Cells were lysed (1% SDS, 50 mM
Tris-Cl, pH 6.8, and phenylmethylsulfonyl fluoride), and protein concentra-
tion was assayed using bicinchoninic acid as recommended by the manufac-
turer (Pierce Chemical, Rockford, IL). Samples (50 �g) were analyzed by
immunoblotting using the diphospho-specific monoclonal anti-ERK (at 1:200).
Blots were stripped (1 M glycine, pH 2.5, and 0.05% Tween 20 for 30 min at
room temperature) and reprobed using the polyclonal anti-ERK2 antibody (at
1:1000). Quantification of signals from enhanced chemiluminescence (Pierce
Chemical) was carried out using an LAS-3000 gel imager (Fuji, Stamford, CT).

S-Phase Synchronization and Cell Cycle Studies
For morphological and mitotic index analysis of synchronized cells, the cells
were plated at 60% confluence in 35-mm dishes. For double thymidine arrest,
cells were maintained in growth medium plus 2 mM thymidine for 24 h and
then rinsed and maintained in growth medium for 14 h. Cells were main-
tained in thymidine for an additional 20 h before final release. After release,
cells were assayed for mitotic index by tallying the number of cells displaying
clear mitotic (rounded perimeter, discernible mitotic plate) and interphase
characteristics by using an inverted microscope and a 20� phase contrast
objective. Rare cells displaying abnormal or clearly apoptotic characteristics
were not counted. To minimize temperature changes, 200–300 cells were
counted in �2 min. When double thymidine arrest was performed along with
RNAi, siRNA was applied at the same time as the first application of thymi-
dine and the experiment proceeded otherwise as normal. Consequently, the
final thymidine arrest was initiated on day 2 of knockdown before significant
loss of protein, and the experiment was carried out on day 3 of knockdown
when protein loss was maximal. Single thymidine arrest was used for MEK1
knockdown experiments. Arrest was initiated 18 h post-siRNA transfection
and continued for 48 h before release. This ensured passage through the G1/S
transition before knockdown. Where indicated, BFA was added 5 h after
release at a final concentration of 2 �M. In experiments involving cell cycle
progression in unsynchronized populations, cells were passed to a confluence
of 30–40% and maintained for 48 h before addition of U0126 or 0.1% DMSO
carrier, followed, where indicated, by addition of 2 �M BFA 2 h later. Where
indicated, olomoucine II was added to a final concentration of 10 �M at 6 h
after thymidine release, and analysis or washout was performed at 11 h.

To assay MEK activity in synchronized cells, mitotic shake-off was carried
out on cultures enriched by double-thymidine synchronization at the point of
mitotic entry. Shake-off was performed by rinsing the cells one time in
ice-cold shake-off buffer (PBS � 1 mM EDTA) in a refrigerated room, aspi-
rating the supernatant, and striking the culture dish vigorously 10 times
against the countertop. Released cells were collected by rinsing with cold
shake-off buffer, and the efficiency of release of mitotic cells was estimated
�90% by phase-contrast microscopy. Adherent cells, taken to be in late G2
were then collected by scraping into shake-off buffer. Adherent and mitotic
cells were rinsed one time by centrifugation, resuspended in hot sample
buffer, and analyzed for phospho-ERK levels as described above.
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Microscopy and Image Analysis
Microscopy was performed using an epifluorescence microscope with a 40�
oil immersion lens (Linstedt et al., 1997), or a spinning disk confocal system
with a 100� oil immersion objective (Puthenveedu et al., 2006), or a fluores-
cence bleaching-equipped epifluorescence microscope with a 100� oil immer-
sion objective (Puthenveedu et al., 2006). Z-axis sectioning was at 0.3 �m, and
images were analyzed after maximum-value projection. Live imaging was
performed at 37°C in Opti-MEM (Invitrogen) containing 10% serum. For
evaluating the mean number of objects per Golgi, random epifluorescence
fields of view were collected using Hoechst DNA staining or phospho-
Histone H3 staining rather than the Golgi channel for selection. Images for a
given experiment were captured using fixed parameters, and no modifica-
tions were performed between capture and analysis with ImageJ software
(http://rsb.info.nih.gov/ij/). The images were thresholded using the auto-
threshold feature and the number of objects per Golgi was determined using
the Analyze Objects feature with a minimum size cutoff of 15 pixels. At least
100 Golgi were assayed per sample, and assays were performed at least three
separate times per treatment. For fluorescence recovery after photobleaching,
part of the Golgi was bleached using a single laser pulse, and images were
acquired every 3 s as described previously (Puthenveedu et al., 2006). Fluo-
rescence values in the bleached and an adjacent nonbleached area were
measured using NIH Image. Fluorescence recovery is represented as the ratio
of the bleached region to an adjacent unbleached region, normalized to the
prebleach and immediate postbleach values.

Statistical Analysis
The statistical significance of all comparisons was assessed by two-tailed
Student’s t tests, and, where indicated, nonoverlap of curves was estimated
using root mean squared deviation.

RESULTS

MEK1 Knockdown Delays Mitotic Entry
Due to concerns regarding the effectiveness of pharmacolog-
ical MEK1 inhibitors in blocking all MEK1-dependent func-
tions, for example, cellular roles that might be noncatalytic
or otherwise inhibitor resistant (Colanzi et al., 2000; Harding
et al., 2003; however, see Shapiro et al., 1999; Hayne et al.,
2004), we used siRNA-mediated knockdown of expression.
Using a siRNA duplex targeting the 3� untranslated region,
we observed �95% knockdown of a stably expressed HA-
tagged version of MEK1 in HeLa cells by immunofluores-
cence (our unpublished data) and immunoblotting (Figure
1A). To confirm knockdown and effective inhibition of the
classical catalytic activity, we assayed ERK activation (Itoh et
al., 1994). As expected, control cells treated with hyposaline
buffer showed a dramatic increase in levels of phospho-ERK
peaking at �5 min (our unpublished data). Using the 5-min
time point, it was then observed that ERK activation was
attenuated by �50% in cells after MEK1 knockdown (Figure
1B). ERK is also activated by the more abundant MEK2 and
indeed siRNA-mediated knockdown of MEK2 inhibited
ERK activation still more effectively than depletion of MEK1.
Simultaneous MEK1 and MEK2 knockdown was most effec-
tive and abolished the ERK activation induced by hyposa-
line treatment. It is noteworthy that even double-knock-
down did not eliminate resting levels of phospho-ERK,
whereas the small molecule MEK1/2 inhibitor U0126 did so.

To test the role of MEK1 protein in G2/M progression,
control and knockdown cells were blocked at S phase, and
the mitotic index was determined at time points after re-
lease. To prevent complications at G1/S, cell synchroniza-
tion was carried out such that MEK1 knockdown occurred
after the S-phase arrest and before release. Cells treated with
a control siRNA passed through mitosis in a cohort that
peaked at 8 h (Figure 2A, circles), whereas cells depleted of
MEK1 were significantly delayed (Figure 2A, triangles). Val-
ues reported are averages of at least three experiments.
Consistent with participation of the canonical catalytic ac-
tivity of MEKI, these results were recapitulated with phar-
macological inhibition. U0126 addition delayed the mitotic

index peak by 2 h (Figure 2B). There was a difference,
however, in mitotic exit. Cells treated with U0126 pro-
gressed out of M phase within 1–2 h, whereas MEK1-de-
pleted cells did not. Knockdown of MEK2 did not delay
mitotic entry, which is consistent with evidence for nonover-
lapping MEK1 and MEK2 roles (Ussar and Voss, 2004).

As an independent assay not involving cell cycle synchro-
nization, we added U0126 to unsynchronized cells and eval-
uated mitotic entry. A significant and transient decrease in
mitotic cells was observed 2–5 h after addition of U0126 but
not DMSO carrier (Figure 2C). After an initial decrease in
mitotic cells, a return to close to steady state is the expected
result if it is entry into M phase that is altered rather than
progression through M phase. Thus, MEK1 inhibition by
knockdown or U0126 addition delays, but does not block,
G2/M.

Unlinking the Golgi Apparatus Bypasses the MEK1
Requirement for Normal Mitotic Entry
A G2/M delay upon MEK1 inhibition is consistent with the
possibility that MEK1 unlinks the Golgi as a prerequisite for
timely G2/M. To test this possibility, we first asked whether
dispersal of Golgi membranes by using BFA would bypass
the MEK requirement. BFA is a noncompetitive inhibitor of
Arf1-guanine-nucleotide exchange factor (GEF) that causes
redistribution of Golgi components to the endoplasmic re-
ticulum (ER) and vesicular tubular clusters (Lippincott-

Figure 1. Depletion of MEK1 inhibits ERK activation. (A) Extracts
of HeLa cells stably expressing an HA-tagged copy of human MEK1
(40 �g/lane) were prepared 72 h after transfection with the indi-
cated concentrations of the MEK1 siRNA and were analyzed by
immunoblotting by using anti-HA to detect HA-MEK1 (top) or
anti-p115 as a loading control (bottom). (B) To assay ERK activation
after knockdown, HeLa cells were transfected with the indicated
siRNAs, and after 72 h, the cells were placed for 5 min in either
iso-osmotic buffer (control) or hypo-osmotic buffer (hyposaline).
Cell extracts were then prepared and analyzed by immunoblot by
using anti-phospho-ERK antibody, and, after stripping of the blot,
anti-ERK2 antibody. Quantification of the phospho-ERK/ERK2 ra-
tio is shown (mean � SEM, n � 3). Note that knockdown, especially
the combined MEK1/MEK2 knockdown, blocked stimulated, but
not resting, levels of ERK phosphorylation. As a positive control, the
phospho-ERK/ERK2 ratio is also shown for cells treated with U0126
for 30 min before the buffer challenges.
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Schwartz et al., 1989; Peyroche et al., 1999; Seemann et al.,
2000). Strikingly, treatment of cells with BFA abrogated the
2-h delay caused by either MEK1-knockdown (Figure 2D) or
U0126 treatment (Figure 2E). Bypass of the MEK require-
ment was also observed in unsynchronized cells (Figure 2F).
The MEK-induced delay, and its rescue, was further quan-
tified by determining the root mean squared deviation
(RMSD) value for each respective time-series (Figure 2, G–I).
RMSD values comparing mitotic indices in the presence or
absence of MEK1 knockdown or the presence or absence of
U0126 were threefold higher than the corresponding com-
parisons in the presence of BFA. A similar result was ob-
tained for unsynchronized cells.

In contrast to the dramatic dispersal of Golgi components
induced by BFA, MEK1-induced Golgi breakdown in per-
meabilized cells seems to yield relatively large Golgi frag-
ments (Acharya et al., 1998; Kano et al., 2000), suggesting that

mitotic MEK1 signaling causes unlinking of Golgi cisternae.
Recently, we found that linking of Golgi membranes into a
ribbon structure depends on GM130/GRASP65 complexes
(Puthenveedu et al., 2006). Therefore, we tested whether un-
linking of the Golgi by GRASP65 knockdown rescues the M-
phase delay conferred by MEK1 inhibition. GRASP65 knock-
down was carried out as described previously (Puthenveedu
et al., 2006) and led to an �70% reduction in protein levels
(Figure 3A) as well as unlinking of the Golgi ribbon (our
unpublished data). In agreement with the delay observed
above, U0126 treatment also caused a significant delay in
cells treated with control siRNA. These cells progressed
through mitosis in a cohort that peaked at 10 h after S-phase
release (Figure 3B, squares). In contrast, cells treated with
GRASP65 siRNA were unaffected by MEK inhibition. That
is, despite the presence of U0126 the mitotic index peak for
cells lacking GRASP65 (Figure 3B, triangles) was identical to

Figure 2. MEK1 promotes mitosis via Golgi
disassembly. (A–C) The percentage of cells in
mitosis (mitotic index) at the indicated times
after thymidine release was determined for
control and MEK1 siRNA-transfected cells (A)
and control and U0126-treated cells (B). The
mitotic index was also determined for unsyn-
chronized cells after addition of U0126 for the
indicated times (C). For knockdown cells, a
double thymidine S-phase arrest protocol was
used in which the first 24-h arrest was initiated
upon transfection and lasted 24 h, and the
second arrest was initiated after a 14-h incu-
bation in the absence of thymidine and lasted
20 h. For U0126, treatment was initiated 2 h
after thymidine release and consisted of
growth media containing 10 �M U0126 and
0.1% DMSO or 0.1% DMSO alone. (D–F) To
test whether delay required an intact Golgi
apparatus, BFA treatment was used to disas-
semble the Golgi apparatus and the mitotic
index was determined for synchronized MEK1
knockdown cells (D), synchronized U0126
treated cells (E), and nonsynchronized U0126
treated cells (F). For synchronized cells 2 �M
BFA was added 5 h postthymidine release. For
nonsynchronized cells, 2 �M BFA was added
2 h after U0126 addition (arrow). Note that in
each assay MEK inhibition delayed mitotic en-
try and that BFA suppressed the delay. All
values shown are averages � SEM (n � 3).
(G–I) The mitotic progression data were ana-
lyzed using RMSD to quantify the degree to
which the shown mitotic progression curves
differ from one another. Results are shown for comparisons between control and MEK1 knockdown-synchronized cells (G), control and
U0126-treated synchronized cells (H), and control and U0126-treated nonsynchronized cells (I). In the absence of BFA, significant differences
caused by MEK inhibition were evident, and these differences were reduced by �50% in the presence of BFA.

Figure 3. GRASP65 depletion suppresses the MEK1
G2/M requirement. (A) Cell extracts (40 �g/lane) pre-
pared 72 h after transfection with GRASP65 siRNA were
analyzed by immunoblotting by using anti-GRASP65
(top) and anti-calnexin (bottom) antibodies. (B) The mi-
totic index of control and GRASP65 siRNA-transfected
cells was determined at time points after release in the
presence of U0126 or 0.1% DMSO carrier added at the 2-h
time point (arrow). Values shown are averages � SEM
(n � 3). Note that the delay caused by MEK inhibition was
absent in cells depleted of GRASP65. (C) Also shown is the
RMSD comparison of the deviation between mitotic pro-
gression curves as indicated.
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GRASP65 knockdown cells in the absence of U0126 (Figure
3B, circles). These effects were also confirmed by RMSD
analysis (Figure 3C). Our analysis did not explicitly analyze
spindle morphology; therefore, we cannot rule out the pos-
sibility that spindle defects were present after GRASP65
knockdown (Sutterlin et al., 2005). However, the replicated
experiments showed normal M-phase entry and exit with-
out evidence of apoptosis. Possibly the S-phase arrest pro-
tected the cells from the accumulation of defects that may
occur as a consequence of repeated division in the absence of
GRASP65. Toward an independent confirmation of these
results, we also analyzed cells after GM130 knockdown. The
knockdown was carried out under conditions identical to
our previous work (Puthenveedu et al., 2006) and yielded the
expected unlinking of the Golgi ribbon. Similar to the results
for GRASP65 knockdown, these cells exhibited essentially
identical M-phase entry kinetics in the absence or presence
of U0126 (Supplemental Figure S1). Thus, the mitotic delay
caused by MEK1 inhibition seems to act through a sustained
Golgi ribbon whose unlinking is necessary for normal G2/M
kinetics.

MEK Promotes Golgi Unlinking before Prophase
As described above, MEK1 mediates mitotic Golgi disassem-
bly in permeabilized cells (Acharya et al., 1998), but in intact
cells it may not be required (Draviam et al., 2001). Alterna-
tively, its role in vivo in Golgi disassembly may not have
been adequately tested due to ERK-independent activities
(Colanzi et al., 2000) or its upstream role in cell cycle pro-
gression (Roovers and Assoian, 2000). Therefore, it was im-
portant to assay mitotic Golgi disassembly after MEK1
knockdown. Because absence of MEK1 protein or activity
delayed rather than blocked mitotic progression, cells were
readily identified at each M-phase stage. Significantly, com-
pared with corresponding prophase, prometaphase, meta-
phase, anaphase, and telophase control cells (Figure 4, top
row), Golgi organization was essentially identical in cells
after either MEK1 knockdown (Figure 4, middle row) or
MEK inhibition by U0126 (Figure 4, bottom row). This result
indicates that although it may play a facilitating role, MEK1
is not required for mitotic Golgi disassembly.

Next, we considered the possibility that MEK1 controls
G2/M by exerting its effect on the Golgi in late G2 phase
rather than at M phase and that once M phase is reached a
parallel or redundant pathway, possibly CDK-mediated
Golgi vesiculation, takes over. As an initial test, we carried
out live imaging of the Golgi apparatus in synchronized

cells as they progressed into M phase. Consistent with pre-
vious work, characteristic features emerged from the gener-
ated movies (see Supplemental Figure S2 movie for an ex-
ample). At �7 h after release, the Golgi persisted for some
time as an essentially intact ribbon (Figure 5A). Then, over a

Figure 4. Mitotic Golgi disassembly does not require MEK. The Golgi and DNA patterns are shown in representative images of
synchronized cells treated with control siRNA (top row), MEK1 siRNA (middle row), or 10 �M U0126 (bottom row) at the following cell cycle
stages: S phase (S), prophase (P), prometaphase (PM), metaphase (M), anaphase (A), and telophase/cytokinesis (T/C).

Figure 5. Live imaging analysis of mitotic Golgi disassembly.
(A–E) Synchronized HeLa cells stably expressing GalNAcT2-GFP
were imaged by confocal microscopy at 37°C every 2 min (10 Z-axis
slices per frame). Single frames from a movie are shown represent-
ing the starting Golgi ribbon (A), initial unlinking of the ribbon (B),
final unlinking yielding the peak in fluorescent objects (C), initial
conversion of fragments into vesicular haze (D), and end point of
disassembly with metaphase plate outlined by vesicular haze (E).
(F) Frame by frame analysis of multiple movies was carried out to
determine the number fluorescent Golgi objects per cell. Values are
normalized by plotting the fold increase over the baseline deter-
mined for each movie (average value of first 10 frames), and the
plots are aligned in time by setting t � 0 at the fluorescent Golgi
object peak. Values shown are averages � SEM (n � 10), and the
approximate position of the representative stages in breakdown is
indicated. Note that initial Golgi unlinking marked by the shoulder
preceding the disassembly peak (B) begins greater than 60 min
before metaphase (E), placing this event in late G2 phase.

T. N. Feinstein and A. D. Linstedt

Molecular Biology of the Cell598



period of at least 30 min, the ribbon became progressively
more fragmented (Figure 5B). This was followed by an
abrupt period lasting �15 min in which many small frag-
ments were generated (Figure 5C). Over the next 10 min,
these fragments underwent further breakdown becoming
fluorescent haze (Figure 5D). Coincident with the rise in
fluorescent haze, the outline of the metaphase plate could be
seen (Figure 5E). Finally, anaphase occurred followed by
reappearance of Golgi fragments and reassembly of the
Golgi ribbon in the daughter cells. Individual frames from
multiple movies were analyzed to determine the number of
above-threshold fluorescent Golgi elements per cell, and the
results are presented (Figure 5F). Importantly, the presence
of a fairly prolonged stage in which Golgi elements seem to
unlink from one another is a significant feature in the graph
(5B). Furthermore, given that the entire prophase-to-met-
aphase portion of M phase usually occurs in �30 min it
follows that the unlinking stage is initiated before prophase.

Golgi unlinking just before prophase was also indicated
by fluorescence recovery after photobleaching (FRAP) car-
ried out on the Golgi apparatus of S-phase and late G2-phase
cells. When a specific Golgi region is photobleached, an
intact Golgi ribbon yields rapid recovery, whereas an un-
linked ribbon does not (Puthenveedu et al., 2006). Thymidine
treatment was used to accumulate S-phase cells. As ex-
pected, the Golgi ribbon was intact in S-phase cells, and
green fluorescent protein (GFP)-labeled GalNacT2 rapidly
recovered after photobleaching (Figure 6, A, C, and Supple-
mental Figure S3 movie). To accumulate late G2 cells, thy-
midine washout was carried out in the presence of the CDK1
inhibitor olomoucine II (Krystof et al., 2005), which induced
the expected arrest just before M phase (Keryer et al., 1998).
Importantly, in late G2 cells the ribbon was significantly
fragmented (quantified below), and there was impaired flu-
orescence recovery even when the photobleaching was car-
ried out on a region in proximity to other Golgi structures
(Figure 6, B and C, and Supplemental Figure S4 movie).
Thus, both live imaging of the Golgi in dividing cells and
FRAP analysis of late G2-arrested cells provided evidence
that Golgi unlinking is taking place just before prophase.

To confirm this, we needed a way to identify the begin-
ning of prophase; thus, we turned to analysis of Golgi link-
ing in synchronized cells after fixation. Cells were fixed at a

time point corresponding to mitotic entry for the bulk pop-
ulation (8–9 h postthymidine release) and stained using the
Hoechst DNA stain and an anti-phospho-histone H3 anti-
body. Based on the time of fixation, the nonmitotic cells in
the population were considered late G2 phase cells. Impor-
tantly, the phosphorylated histone staining yielded weak
but specific punctate staining in early prophase cells, pro-
viding a sensitive measure to identify and exclude these
cells. To assess Golgi linking we used an objective determi-
nation of discrete Golgi elements as marked by stably ex-
pressed GFP-labeled GalNacT2 (Puthenveedu et al., 2006).
Cells were selected solely on the basis of DNA staining,
image capture and analysis used identical parameters, and
final reported values are averages of independent experi-
ments. Because Golgi ribbon formation in HeLa cells links
most adjacent ministacks, there are only approximately
three to four such discrete elements, on average, in control
cells (Puthenveedu et al., 2006). Indeed, the characteristic
Golgi ribbon was evident in S-phase cells (3 h postthymidine
release), and quantification yielded an average of four ob-
jects per cell (Figure 7, A and B, S phase). In contrast, many
late G2 cells exhibited an unlinked appearance, and there
was a significant increase in discrete Golgi elements (Figure
7, A and B, late G2). Furthermore, the average value likely
underestimates the extent of Golgi unlinking in late G2 cells.
A fraction of the cells exhibited normal ribbons. Due to
incomplete synchrony in cell cycle progression, these cells
may be in mid- rather than late G2 (Figure 7C, �4 frag-
ments/cell). Thus, measurable Golgi unlinking takes place
before the earliest indication of CDK1 activation.

To test the role of MEK1 and CDK1 in late G2 Golgi
unlinking, we inhibited these kinases with U0126 and olo-
moucine II, respectively. Strikingly, in the presence of
U0126, late G2 cells exhibited linked rather than unlinked
Golgi elements, and the number of discrete elements
matched control values (Figure 7, A–C, late G2 � U0126),
indicating that MEK1 activity is required for Golgi unlinking
in late G2. Furthermore, olomoucine II treatment, which
induced the expected arrest in late G2 (Keryer et al., 1998),
left the Golgi unlinked (Figure 7, A and B, Olo arrest). But if
the olomoucine II arrest was carried out on cells pretreated
with U0126, the Golgi remained linked (Figure 7, A and B,
Olo arrest � U0126). MEK-dependent, G2 Golgi unlinking

Figure 6. Decreased lateral mobility of GalNAcT2-GFP in late G2 cells. (A and B) Synchronized HeLa cells stably expressing GalNAcT2-
GFP were arrested at S phase (A) by using thymidine or arrested in late G2 (B) by using olomoucine II treatment during the final 6 h of an
11-h thymidine washout incubation. The area of the Golgi indicated by the brackets was bleached by using a single laser pulse. Recovery of
fluorescence was observed by live epifluorescence imaging (movies in Supplemental Figures S3 and S4). Representative images of the
indicated time points are shown. Bar, 5 �m. (C) The ratio of fluorescence of the bleached area to an adjacent unbleached area was measured
for each time point, normalized to the initial values, and plotted. Values shown are averages � SEM (n � 3, �6 cells per treatment per
experiment).
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was also observed in a distinct cell type. Synchronized nor-
mal rat kidney (NRK) cells were analyzed using anti-giantin
immunostaining, and the G2 population of cells exhibited a
significant increase in unlinked Golgi elements compared
with the S-phase population, but this increase was absent if
U0126 was added to inhibit MEK activity (Figure 7D). We
also confirmed that MEK is actually active in late G2 phase
by determination of cellular levels of doubly phosphory-
lated ERK1/2. Synchronized cells beginning to enter M
phase (8–9 h postthymidine release) were subjected to
shake-off followed by immunoassay of the remaining adher-
ent cells, which were nonmitotic and, based on the time
point, assumed to be in late G2 phase. For comparison, the
released mitotic cells were collected and also assayed. Dou-
bly phosphorylated ERK1/2 was clearly evident in the G2

population, and the level was significantly higher than in the
mitotic population (Figure 7E). Thus, consistent with a pre-
vious analysis (Roberts et al., 2002), MEK is active in G2

phase. Altogether these findings indicate that MEK1, but not
CDK1, is required for Golgi unlinking and that unlinking
takes place in late G2 before CDK1 activation.

If Golgi linking status in late G2 influences CDK1 activa-
tion, then cells with a linked Golgi might show a delay in
CDK1 activation upon release from the G2/M arrest im-
posed by olomoucine treatment. Indeed, a direct comparison
showed that, upon olomoucine washout, cells pretreated
with U0126 to prevent Golgi unlinking persisted in early
prophase significantly longer than control cells with an un-
linked Golgi (Figure 8A). Evidence that this effect related to
Golgi structure rather than a Golgi independent MEK1 path-
way was provided by BFA-mediated Golgi disassembly.
That is, treatment of cells with BFA rescued the delay, al-
lowing normal progression into later M-phase stages (Figure
8B). Together, these results demonstrate that the onset of
mitosis driven by full activation of CDK1 involves unlinking
of the Golgi apparatus in late G2 by MEK signaling.

Evidence That GRASP55 Phosphorylation Plays a Role in
Normal Mitotic Progression
To test whether the Golgi-localized MEK pathway target
GRASP55 might be involved, we expressed myc-tagged
GRASP55-T222,225A, a version that we previously showed
fails to undergo MEK-dependent phosphorylation by ERK
(Jesch et al., 2001a), and we assayed Golgi linking and pro-
gression into M phase. As a control, the corresponding myc-
tagged wild-type GRASP55 was also expressed. Both con-
structs exhibited similar transfection frequencies and were

Figure 7. MEK-dependent Golgi unlinking be-
fore prophase. (A) Representative images show
Hoechst-labeled DNA (left column), phospho-
histone H3 immunofluorescence (center column)
and the Golgi apparatus labeled by GalNAcT2-
GFP (T2, right column) after fixation at the des-
ignated cell cycle stages, as determined by time
from cell cycle release, DNA condensation sta-
tus and the presence or absence of pp-H3 stain-
ing. Where indicated U0126 was added 5 h after
thymidine release, and/or 10 �M olomocine II
was added 7.5 h after release, and cells were
maintained in olomoucine G2/M arrest for three
more hours before fixation. (B) For quantitative
analysis of Golgi linking in the populations
shown in A, the NIH Image software package
was used to automatically apply a threshold
and count above-threshold fluorescent objects.
Note that the analyzed cells were chosen on
the basis of interphase DNA staining and not
Golgi pattern. Average values � SEM are
shown (n � 3). (C) Histogram analysis show-
ing the percentage of cells exhibiting the indi-
cated number of Golgi fragments for control
and U0126-treated late G2 cells. (D) Analysis
of Golgi linking was carried out on synchro-

nized NRK cells exactly as described for HeLa cells except that giantin immunofluorescence was used to visualize the Golgi apparatus. (E)
Synchronized HeLa cells were subjected to shake off at a time corresponding to mitotic entry (8–9 h). Extracts (50 �g/lane) of the adherent
(G2-phase) and released (M-phase) cells were analyzed for doubly phosphorylated ERK1/2 by immunoblotting. After stripping, the blot was
reprobed to detect ERK2 as a loading control. Quantified values normalized by the ERK2 loading control are averages � SEM (n � 3).

Figure 8. MEK inhibition prolongs mitotic entry. (A) HeLa cells
were released from an arrest with 10 �M olomoucine II carried out
in the presence of either U0126 or DMSO carrier. At time points after
release, in the continued presence of U0126 or DMSO, the percent-
age of ppH3-positive cells in early prophase (weak punctate stain-
ing) was determined. (B) The experiment was performed identically
except that 2 �M BFA was added 30 min before olomoucine release.
Average values � SEM are shown (n � 3).
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Golgi localized as indicated by colocalization with the Golgi
marker GPP130 (our unpublished observations). If GRASP55
phosphorylation is required for late G2 Golgi unlinking, then
the Golgi may fail to unlink in cells expressing GRASP55-
T222,225A. As a test we assayed Golgi linking in olomoucine
II arrested late G2 cells. As shown above (Figure 7), control
cells exhibited significant unlinking of the Golgi ribbon in
late G2 phase, and this was also the case for cells expressing
wild-type GRASP55 (Figure 9A, WT). In contrast, cells ex-
pressing GRASP55-T222,225A had intact Golgi ribbons (Fig-
ure 9A, T222,225A). This was supported by quantification
of fluorescent Golgi objects in numerous wild-type– and
GRASP55-T222,225A–expressing cells over several experi-
ments (Figure 9B). GRASP55-T222,225A expression sup-
pressed late G2 Golgi unlinking to levels equaling that
present in S-phase control cells, suggesting that GRASP55
phosphorylation is required for Golgi unlinking.

Furthermore, whereas expression of wild-type GRASP55
had no effect on progression into M phase, as indicated by
comparison with cells transfected with empty vector, cells
expressing GRASP55-T222,225A showed a profound inhibi-
tion in mitotic entry (Figure 9C). Inhibition of G2/M corre-
sponded to the transfection frequency and was uniform
across multiple experiments (p � 0.05, n � 3). As a further
control for this experiment, we attempted to rescue the
inhibition imposed by GRASP55-T222,225A expression us-
ing forced Golgi dispersal by BFA. BFA addition had no
significant effect on either the empty vector or the wild-
type–transfected controls; however, it almost completely re-
stored normal mitotic progression to GRASP55-T222,225A–
transfected cells (Figure 9C). Thus, the requirement for
GRASP55 phosphorylation can be bypassed by dispersing
the Golgi by other means. As an additional test, we allowed
synchronized cells to pass through mitosis, and then �2 h
postmitotic entry, a time more than sufficient to move
through cytokinesis, we determined the percentage of
GRASP55-expressing cells that had completed mitosis.
These daughter cells, which were counted as single couplets,
were identified on the basis of their contact, size, and ex-

pression level (Figure 9D). Consistent with a delay caused
by preventing GRASP55 phosphorylation, there was a dra-
matic reduction in recovery of couplets expressing GRASP55
T222,225A compared with wild-type (Figure 9E). In sum, the
results indicate that MEK signaling promotes G2/M by un-
linking the Golgi and that this involves, at least in part,
phosphorylation of GRASP55.

DISCUSSION

The role of MEK1 at the G2/M transition of the cell cycle has
remained unclear, particularly in light of conflicting reports
concerning MEK1 and mitotic Golgi disassembly (Acharya
et al., 1998; Lowe et al., 1998; Draviam et al., 2001; Colanzi et
al., 2003b). Consistent with recent work (Wright et al., 1999;
Roberts et al., 2002), we found that MEK1 inhibition delayed
progression into M phase, indicating that MEK signaling,
although not absolutely necessary, is required for timely
G2/M. Significantly, this requirement is shown here for the
first time to be bypassed by prior disassembly or unlinking
of the Golgi apparatus, suggesting that MEK acts to unlink
the Golgi and that the previously described Golgi check-
point (Sutterlin et al., 2002) is, in fact, controlled by MEK
signaling. Furthermore, MEK-dependent unlinking of the
Golgi apparatus occurred before prophase in late G2 and
phosphorylation of the MEK1 Golgi target GRASP55
seemed to be important for both Golgi unlinking and mitotic
entry. These results establish a cell cycle role for MEK sig-
naling in late G2 and suggest that MEK, by activating ERK,
induces phosphorylation of GRASP55, thereby unlinking
the Golgi apparatus. The unlinked Golgi apparatus then
facilitates progression into M phase, perhaps via release
and/or dispersal of CDK1 activators.

The finding that MEK1-mediated Golgi rearrangement
facilitates G2/M uncovers a previously unestablished link
between work on connections between the Golgi apparatus
and G2/M on one hand and work on MEK1 and the Golgi
apparatus on the other hand. The presence of a G2/M check-
point sensitive to Golgi structure was suggested by the

Figure 9. Evidence that GRASP55 phosphoryla-
tion is required for timely G2/M. (A) Myc-
GRASP55 (WT) and the myc-GRASP55T222,225A
phosphorylation mutant (T222,225A) were tran-
siently expressed, and the cells were synchro-
nized in late G2 phase by using a 11-h thymidine
release incubation in the presence of olomoucine II
starting at 6 h. Expressing cells were identified by
myc staining (Myc), and the Golgi was analyzed
based on GalNAcT2-GFP (T2). (B) Golgi linking in
the olomoucine-arrested cells expressing myc-
GRASP55 or myc-GRASP55T222,225A, was then
quantified by determining the number of flu-
orescent Golgi objects per cell (n � 3, �25 cells
per treatment per experiment). (C) The inte-
grated total percentage of visibly mitotic cells
after S-phase release was determined for cells
transfected with empty vector, or vectors en-
coding GRASP55 and GRASP55T222,225A. Also
shown are the results obtained when BFA was
added at 5 h after S-phase release to cause
Golgi disassembly. All values are normalized
to the empty vector control. Expression of
GRASP55T222,225A decreased mitotic entry and
this was suppressed by BFA addition. (D) Representative post mitotic couplet expressing myc-GRASP55 is shown (asterisks) after staining
with anti-myc (red) and visualizing GalNAcT2-GFP (green). Bar, 4 �m. (E) Percentage of premitotic (singlets) and postmitotic (couplets) cells
was determined 2 h after mitotic entry for cells expressing GRASP55 or GRASP55T222,225A. Expression-positive mitotic cells were included
in the postmitotic count but were rarely observed due to diminished staining upon Golgi dispersal. Average values � SEM are shown (n �
3). In comparison with GRASP55, recovery of postmitotic cells was dramatically reduced by GRASP55T222,225A expression (p � 0.05).
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ability of dominant-negative or antibody inhibitors against
GRASP65 to arrest or delay the G2/M transition (Sutterlin et
al., 2002). Importantly, this effect is nullified in cells with a
disassembled Golgi apparatus. Although GRASP65 itself is
not required in vivo for either mitotic entry or mitotic Golgi
disassembly (Figure 3; Sutterlin et al., 2005), it is required to
link the Golgi apparatus into a ribbon (Puthenveedu et al.,
2006), suggesting that it is the persistence of a linked Golgi
apparatus that delays mitotic entry. These observations con-
cerning GRASP65 suggested a connection to MEK1 activity
at G2/M because MEK1-activated ERK2 mitotically phos-
phorylates the closely related GRASP55 (Jesch et al., 2001a).
Furthermore, MEK1 mediates in vitro mitotic Golgi frag-
mentation (Acharya et al., 1998), and MEK1 has been impli-
cated in G2/M (Wright et al., 1999; Roberts et al., 2002). Also,
it was recently found that ERK1c knockdown delays mitotic
progression and Golgi breakdown, but a causal link between
these effects was not tested (Shaul and Seger, 2006). This
connection is now strengthened by our demonstration that
MEK signaling controls Golgi structure in vivo and that
Golgi unlinking bypasses MEK1 control of G2/M.

A puzzling implication of the Golgi checkpoint, as defined
previously, is that it requires Golgi disassembly to be both a
cause and a consequence of the G2/M transition. Our find-
ing that the Golgi undergoes MEK-dependent rearrange-
ment before prophase resolves this apparent paradox. That
is, MEK1 unlinks the Golgi in preparation for G2/M and this
unlinking may facilitate CDK1 activation. Active CDK1 is
then presumably sufficient to promote full mitotic vesicula-
tion of the Golgi. This scenario fits well with previous work.
MEK1/ERKs are active in late G2 and M phase (Shapiro et
al., 1998; Colanzi et al., 2000; Hayne et al., 2000; Roberts et al.,
2002; Shaul and Seger, 2006), and in a permeabilized cell
assay, both MEK1 and CDK1 can induce Golgi reorganiza-
tion, but MEK1 acts upstream of CDK1 (Kano et al., 2000).
Moreover, in this assay MEK1 fragments the Golgi appara-
tus, whereas CDK1, perhaps acting directly on vesicle traf-
ficking targets, induces Golgi vesiculation. The initiation of
MEK1-dependent Golgi unlinking before prophase clarifies
why it might be considered a cause of G2/M in that it
facilitates the transition, whereas CDK1-dependent Golgi
vesiculation is a consequence of G2/M. That MEK1 acts in
late G2 to regulate Golgi organization and to exert control
over G2/M strongly suggests that MEK1 is, indeed, playing
a role in G2/M control.

What is the function of the putative MEK1/Golgi check-
point? That is, what triggers MEK1 signaling in late G2 and
why? Immediately upstream of MEK1 is likely Raf1 (Colanzi
et al., 2003b), but the key question is the ultimate origin of
the signal. Growth factor-induced signaling seems unlikely.
After commitment to S phase, the cell cycle is independent
of growth factors, and, at least in M phase, MEK1/2 is
uncoupled from growth factor receptors (Dangi and Shapiro,
2005). Furthermore, there is no evidence that Golgi struc-
ture, the identified target of late G2 MEK signaling, is con-
trolled by growth factor/MAP kinase signaling at other cell
cycle stages. Perhaps the purpose of late G2 Golgi unlinking
is to ensure accurate Golgi inheritance (Acharya et al., 1998;
Colanzi et al., 2003a). A linked Golgi opposes the Golgi
membrane partitioning mechanism, which seems to involve
membrane dispersal (Lucocq et al., 1987; Jesch et al., 2001b).
Although the subsequent mitotic Golgi breakdown would
seem sufficient for accurate partitioning, the late G2 Golgi
unlinking reaction may have evolved because it uniquely
allows a premitosis check on the status of Golgi dispersal.
Another possibility is that the pathway is connected to cen-
trosome duplication and activation. During interphase,

Golgi ribbons are positioned adjacent to, and may be phys-
ically linked to, centrosomes actively involved in nucleating
microtubule assembly (for reviews, see Rios and Bornens,
2003; Linstedt, 2004). In preparation for mitosis, centrosome
duplication and separation are required steps before CDK1
activation (Lindqvist et al., 2005). A linked Golgi apparatus
may impede centrosome separation, and this, in turn, might
cause a delay in G2/M. Thus, under normal conditions,
centrosome duplication might generate a signal activating
MEK1, which, via Golgi unlinking, promotes centrosome
separation. Another possibility is that MEK1 is involved in
size control. In yeast, G2/M progression depends on a cell
size checkpoint. Although direct coupling of cell size and
cell cycle progression is uncertain in mammals (Tapon et al.,
2001), the idea is intriguing given that the Golgi apparatus
influences cell size via its contribution of membrane to the
cell surface. The Golgi itself must double each cell cycle in
preparation for cell division. Perhaps MEK1 signaling as-
sembled on the Golgi apparatus by the Sef1 scaffold (Torii et
al., 2004a) is sensitive to size or growth rate and this im-
pinges on Golgi substrates, such as GRASP55, to unlink the
Golgi ribbon for the purpose of centrosome separation
and/or the release promitotic factors.

In addition to lateral cross-bridging of Golgi ministacks,
GM130/GRASP65 complexes, and possibly golgin45/GRASP55
complexes, also associate with numerous factors on the cyto-
plasmic face of the Golgi apparatus, including the protein
kinases Ysk1, Mst4, and PLK1 (Preisinger et al., 2004; Preisinger
et al., 2005). Regulation of these associated factors, rather
than Golgi unlinking per se, may be the mechanism facili-
tating G2/M. For example, phosphorylation of GRASP pro-
teins may release and activate components that impinge on
cdc25 activation of CDK1. Alternatively, Golgi signaling
factors may remain membrane associated, and it may be the
location of the membranes that is regulated. Dispersed Golgi
ministacks is actually the normal state in most nonmamma-
lian cell types, and these may function as distributive sig-
naling centers for G2/M progression. By this reasoning, the
Golgi ribbon would be unlinked in mammalian cells in late
G2 to recapitulate this distributive signaling.

In sum, MEK1 signaling is active before prophase to un-
link the Golgi apparatus and promote the G2/M transition.
Further work may reveal that MEK-dependent phosphory-
lation of GRASP55 regulates Golgi inheritance, centrosome
separation, or possibly a cell size checkpoint. These findings
begin to elucidate key mechanistic aspects of the control by
a secretory organelle over a fundamentally important cell
cycle transition.
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